Abstract: We present a study of the potential export pathways of middle-lived pollutants from the Iberian Peninsula using an advanced 3-D Lagrangian atmospheric transport model (FLEXPART).
INTRODUCTION
There are a large number of atmospheric substances that can undergo long-range transport and have a far-reaching impact on the tropospheric composition, even thousands of kilometres downwind from their source region. This atmospheric transport occurs on timescales in the range of 3-10 days, being crucial for substances that have a lifetime span within this range (typically ozone (O 3 ) and its precursors, aerosols, mercury or persistent organic pollutants (POP)). In recent years, different works have explored the continental outflow of these middle-lived substances from North America [1] [2] [3] . These studies are usually based on the intensive use of 3-D transportation models, often associated with a chemistry component. Considering the entire Western Europe as a source, Duncan BN [3] concluded that the dominant export pathways in winter are characterised by the advection to middle/low latitudes of the North Atlantic Ocean while in the summer months the advection is observed predominantly to Russia and the Mediterranean Basin/northern Africa. The southward flow of European pollution in summer over the Mediterranean basin and Africa has been already described by Stohl A [4] using a Lagrangian approach similar to the one adopted here. Several studies have stressed the important role played by the synoptic-scale warm conveyor belts (WCBs), associated with frontal systems, in long-distance pollution transport, namely towards Europe [5] [6] [7] [8] [9] [10] . However this WCBs mechanism plays a very limited role to lift European pollution due to the fact that these systems rarely originate near Europe.
Recent advanced Lagrangian atmospheric transport models enable us to establish, with good accuracy, sourcereceptor relationships over long distances up to 10 days of transport. Thus the main objective of the present study is to assess the export pathways for these middle-lived substances that have their origin over the Iberian Peninsula. This purpose will be achieved by using the successful 3-D Lagrangian particle dispersion model FLEXPART [11] [12] . Despite FLEXPART quality and robustness it must be stressed that this methodology does not incorporate a specific chemistry component. Therefore this approach is particularly suited to assess the outflow (and inflow) pathways of air particles that correspond to middle-lived non-reactive gases and aerosols, and indirectly to assess their most likely sinks within the 10 day framework. The sink term will be used hereafter in a wider-than-usual context, in order to identify the regions where the air particles can be found, after travelling from Iberia for a given number of days. This study complements the previous work undertaken by Nieto and Gimeno [13] where the authors have evaluated the potential sources of these middle lived substances reaching the Iberian Peninsula.
METHOD
As in [11, 13] the atmosphere was 'filled' homogeneously with a large number of so-called "particles", each representing a fraction of the total atmospheric mass. Afterwards these particles are transported by the FLEXPART model using three-dimensional winds, with their positions being recorded every six hours. In this study tracks of 1,398,801 particles were used over a five-year period (2000) (2001) (2002) (2003) (2004) . We tracked trajectories forwards from an area covering the entire Iberian Peninsula (Fig. 1) , limiting the transport time length to 10 days. Full details of the FLEXPART model can be found in [14, 15] , while a brief summary on the most relevant details used in a similar application can be seen in [13] . In this analysis the FLEXPART model computed ECMWF operational analysis every six hours (at 00, 06, 12, and 18 UTC) with a 1ºx 1º resolution on 60 vertical levels. The level density is higher at lower levels, with approximately 14 model levels below 1500 m and "only" 9 levels between 1500 m and 5000 m.
RESULTS
We tracked forward in time the air masses residing in the entire vertical column located above the Iberian Peninsula area. Fig. (2) shows the number of particles residing over a place (sinks) on the third, sixth, and tenth days of transport for the whole five-year period considered (Jan 1, 2000 until December 31, 2004). The last panel presents the sink location averaged between day three and day ten. This period is in the range of the typical time-span of middle-lived particles in the atmosphere, such as mercury or aerosols. The lifetime of elemental mercury is around 10 days in the more restrictive studies between 60ºN and the equator [16] , but the generally accepted atmospheric residence time for mercury is one year or more. In the case of aerosols, those between 0.02 μm and 0.1 μm and residing above the planetary boundary layer (PBL), their timelife is higher than ten days [17] . During environmental cycling POPs can be deposited and reemitted several times before reaching a final destinations, this time could be from days to years [18] . Using an average of 26 models, it has been shown that tropospheric ozone has a lifetime around 22 days [19] . It is worth mentioning that three days forward in time, most of the air that comes from the Iberian Peninsula resided over the Mediterranean Sea, with a maximum of residence being found on the Mediterranean coast of the Iberian Peninsula and Northern Africa (Fig.  2a) . The sink pattern is elongated eastward, because of the dominant westerly circulation and because the zonal transport is faster than the meridional transport in the extratropical Northern Hemisphere. Similar sink regions can be observed for the sixth day of transport, now covering the entire Mediterranean basin (with maximum centred close to Tunisia) but with a prolonged expansion towards the East, even reaching western China (Fig. 2b) . The displacement eastwards continues in the tenth day of transport, reaching most Eastern and Central Asia, with two maxima being observed over the central Mediterranean Sea and over Central Asia (Fig. 2c) . Smaller, but noticeable, displacement southwards can be observed over northern Africa. It should be stressed that the upper value of scales used in each panel of Fig. (2) differs substantially, thus the central Asia peak (Fig. 2c) is considerably smaller in magnitude than the western (Fig. 2a) and central (Fig. 2b) Mediterranean peaks. The average transport shows that the sink of most of the air leaving the Iberian Peninsula in the 3-10 day range corresponds to an elongated region between the Mediterranean and Central Asia, with maximum values centred in the western Mediterranean basin close to the North African coast (Fig. 2d) . The finding that the Mediterranean Sea, close to the source region, is the main sink sector of air particles originated in Iberia is in agreement with the atmospheric circulation at the regional scale with dominant westerlies in extratropical latitudes [20] . Furthermore previous studies of pollutant transport reaching eastern Mediterranean have pinpoint Iberia as a source region of pollutants [21] and the transport of emissions from European CO column in July 1995 [3] . The local influence (i.e. if we consider the Iberian Peninsula itself as a sink) is small after three days and negligible for both the sixth and tenth days of transport.
Another interesting possibility with this Lagrangian method is the capacity to provide an objective quantification of the number of transported particles towards any predefined region. More precisely it is appealing to evaluate the temporal evolution of the relative weight of the main sinks regions, i.e. the Mediterranean and Central Asia regions.
For this purpose we have quantified the number of particles calculated forwards from the Iberian Peninsula and integrated over four distinct sink regions (Fig. 3) . The Mediterranean region was divided in two parts, to evaluate the Northern and Southern Mediterranean areas separately (hereafter NMR and SMR). The other two regions considered correspond to the "local" Iberian Peninsula region (IPR) and the "far" Central Asia region (AR). Fig. (3) shows the limits of these four sink regions (top panel) and depicts the evolution in time of the number of particles (bottom panel, without considering the different areas of each sink region). A simple analysis on Fig. (3) (bottom) puts into evidence that the Mediterranean region is clearly the most important sink up to 3-5 days of transport, being the SMR the principal sink and the NMR the secondary one. From 5 to 10 days of transport the Central Asian region surpasses the number of trajectories bound for both SMR and NMR (when considered in separate). The number of particles delivered over the IPR is less than the supply to SMR, NMR or AR in the range of time analysed here (i.e. 3 to 10 days). For shorter time spans (1 to 2 days) IPR is the most important sink, however this is out of the scope of this study that is focused only on potential middle pollution (3 to 10 days of transport).
These patterns of particle residence were very robust throughout the year with similar structures appearing when the analysis was performed on a seasonal basis. Fig. (4) shows the variability on the seasonal average number of residing particles (averaged between day 3 and day 10 of transport). The spatial patterns, of favoured particle distribution sink, presents relatively minor differences between the four seasons and also when compared with the annual pattern. These differences are mostly limited to a smaller zonal extension over the eastern Mediterranean Sea and central Asia in spring and summer, i.e. seasons characterised with weaker winds and when the baroclinic activity is lower over the entire Mediterranean basin [22] . 
CONCLUDING REMARKS
In our view, the present work was particularly instructive and has allowed us to extract the main three conclusions:
1)
The Mediterranean Sea and the Central Asian regions have been found to constitute the main pathways of the air from the Iberian Peninsula within the studied temporal range of 3 to 10 days.
2) The whole Mediterranean area is the dominant sink. However, the relative importance of Mediterranean sink decreases with time after the second day of transport, whereas the Central Asian sink gains relevance from third to fifth day of transport, decreasing (albeit slowly) thereafter.
3) The Mediterranean sink is seasonally-consistent, however the Central Asian sink is sounder during autumn and winter and loses relevance in spring and summer.
These results contribute to understand better (quantitatively) and with a new method previous studies of the intercontinental transport of pollutants and aerosols. Due to the strong anthropogenic-produced aerosols and pollutant emissions in the Western Europe [3] . In this study we have confirmed that Iberia constitutes one of the main potential contributor to the middle-lived pollutants that can be detected over the Mediterranean Sea and also above many central and eastern Mediterranean countries.
